Sharkskin-inspired riblets are widely adopted as a passive method for drag reduction of flow over surfaces. In this research, Large Eddy Simulation of turbulent flow over riblet-structured surface in a rectangular channel domain were performed at various Reynolds numbers, ranging from 4,200 to 10,000, to probe the resultant drag change, compared to smooth surface. The changes of mean streamwise velocity gradient in wall-normal direction at varied locations around riblet structures were also investigated to educe mechanisms of streamlined riblet in reducing drag. The computational model is validated by comparing the simulation results against analytical and experimental data, for both smooth and riblet surfaces. Results indicating that the performance of the proposed streamlined riblet shows 7% drag reduction, as maximum, which is higher than the performance of Lshaped riblet with higher wetted surface area. The mean velocity profile analysis indicates that the streamlined riblet structures help to reduce longitudinal averaged velocity component rate in the normal to surface direction of near wall region which leads to laminarization process as fluid flows over riblet structures.
Introduction
Drag reduction is an important topic in engineering field. Many investigations are conducted to optimize the drag of a travelling body for improvement of motion and energy consumption, especially in turbulent flow due to higher produced drag. In internal flow, such as channel and pipe flow, drag force is encountered at the bounded wall which ultimately leads to reduction of energy efficiency due to high pressure loss. The introduction of polymer additives into a flow system had seen its success of application since the discovery by [1] , with reported drag reduction of around 80%. However, the additive-removal process, which requires extra energy input, often nullify the performance of total drag reduction. Hence, researchers explored the method of modifying surface morphology, in the attempt to produce drag reduction effect without additional energy consumption. Inspired by the fast travel speed of shark under water, the sharkskin and its scales are investigated, which then led to the introduction of riblet-structured surface. The sharkskin-inspired riblet structures are widely applied in turbulent flow studies and have shown positive drag reduction effect. The investigation by [2] suggested that quasi-streamwise vortices are found in the near wall region ( + ≤ 100) and the presence of these vortices are associated with region of high turbulent stress, ′ ′ ̅̅̅̅̅̅̅ [3] .
Following the findings, a mechanism for drag reduction was proposed, such that the restriction of interactions between the vortices would reduce the level of momentum exchange between high momentum fluid and low-momentum fluid in the boundary layer. As fluid flows over the riblet structured-surfaces, the ribbed-shaped protrusions serve as "fence" that prohibit the lateral movement of coherent structures such as quasi-streamwise vortices in the turbulent boundary layer [4] [5] [6] . By restricting the movement of the vortices, the level of momentum exchange can be reduced, which leads to drag reduction effect. The common geometries of riblet structures investigated are V-shaped, U-shaped, L-shaped with general range of 5-11% in terms of drag reduction performance [7] [8] [9] . The early works were conducted by [10] and [11] . They proved the capability of V-groove riblet in producing drag reduction of 8%. Flow over segmented trapezoidal blade riblets(L-shaped) were investigated by [12] and produced drag reduction of 7.29%. [13] found that the highest drag reduction performance achieved by segmented L-shaped riblet was 5.2%. Despite being closer to shape of real sharkskin scale in terms of segmented-feature, the drag reduction performance of segmented riblet is found to be worse than the continuous riblet. It is suggested that the segmented gaps on real sharkskin may not help in reducing drag encountered but functions to eject the contaminant particles on sharkskin [12] , [13] . One of the limitations imposed by riblet structure is the introduction of protrusions into the flow system, which increases the wetted surface area, despite achieving higher turbulent drag than skinfrictional drag in overall. This serves as one of the factors that hinder the progress of drag reduction performance by riblet structure.
However, simply reducing the wetted surface area may also result in loss of drag reduction capabilities of riblet structure, which leads to increased drag, since the modification of surface area will affect the riblet configuration and the turbulence structure near the internal wall of the channel. Based on the findings mentioned above, a morphology that is smaller in wetted surface area and capable of impedes the vortices interactions shall be proposed to improve the drag reduction performance of riblet structures. From the results reported by [14] , it has been found that streamlinedshaped wing promotes laminar flow along the streamwise direction of flow. Another advantage of streamline feature of riblets is the reduction of wetted surface area. Therefore, it is of interest to integrate the streamlined feature in the design of riblet geometry, which is also yet to be found in other similar investigations.
In the current investigation, streamlined segmented-riblet structures were proposed to reduce the overall drag. The drag parameters of the proposed streamlined-riblet structure were investigated at Reynolds numbers of 4,200, 6000, 8000 and 10,000. In each flow case, the development of the velocity profiles around the riblet geometry was analyzed for insight understanding of flow dynamics around the riblets. The results are presented in such a way to establish insight understanding of the near wall flow structure on the shearing drag in rectangular channel flow.
Numerical method
In their review paper on specific aspects of turbulent flow in rectangular ducts, [15] commented that respite over a century of research, turbulence remains the major unsolved problem of classical physics. While most researchers agree that the essential physics of turbulent flows can be described by the Navier-Stokes equations, limitations in computer capacity make it impossiblefor now and the foreseeable futureto directly solve these equations in the complex turbulent flows of technological interest. Hence, virtually all scientific and engineering calculations of non-trivial turbulent flows, at high Reynolds numbers, are based on some type of modeling. This modeling can take a variety of forms.
Two basic levels of modeling currently used in computational fluid dynamics and transport processes are Eddy Viscosity Models (EVM) and Second-Moment Closure Models (SMC) (known also as Reynolds Stress Models). Each category has a number of variants.
Turbulent flow over riblet structure is simulated by using numerical approach, since the turbulence phenomenon is chaotic and non-linear in nature. To capture the fluctuating turbulent statistics and drag parameters induced by turbulent energy dissipation of small scales more accurately, Large Eddy Simulation (LES) is opted as it is an unsteady scale-resolving turbulence model. By assuming unsteady, incompressible flow with negligible effect of external energy and body force, the continuity and momentum equations are described respectively as, = 0
(1)
where describes the spatial coordinates, t denotes time, U represents velocity, P is the pressure. The viscous stress tensor, is defined as
where dynamic viscosity is denoted by symbol , and is the Kronecker delta. In contrast to Direct Numerical Simulation (DNS) which solves the Navier-Stokes equations by resolving all time and length scales of flow field, LES reduces the computational effort by filtering out the small scales in the flow and model them to provide closure to the solution while the unfiltered large eddies are resolved directly. By applying filtering operations, the momentum equation becomes,
The subgrid-scale stress, is defined as
The subgrid-scale turbulent stresses were computed, using subgrid-scale (SGS) model as
where denotes subgrid-scale turbulent viscosity and represents isotropic subgrid-scale stresses. The rate-of-strain tensor, ̅̅̅̅ is defined as ̅̅̅̅ = 1 2 ( ̅ + ̅ ) (7) and the turbulent viscosity, is modeled by Smagorinsky-Lilly model [16] and [17] ,
where Ls represents the mixing length, defined in detail by [17] , which relates Smagorinsky coefficient and the grid filter scale, typically equal to the grid spacing.; while | ̅ | ≡ (2 ̅ ̅ ) 0.5 . The commercial software package, ANSYS Fluent is used as it adopts finite volume method (FVM), in which the entire domain is discretized into smaller volumes before solving the partial differential equations in algebraic equations form. Least Squares Cell-Based Gradient is adopted for computation of convective terms and diffusive terms. Second order scheme is used for pressure interpolation at the faces. Bounded Central-Differencing Scheme is adopted for momentum equation to improve accuracy of LES calculation. The simulations were performed in high-performance computer machine type Dell Precision Tower 7820, 20 cores, with the following specifications: The simulations took approximately ten days to reach statistically stable state and additional ten days for time averaging process.
Model description
Turbulent single-phase water was designed to flow through a rectangular channel with smooth wall as top surface and riblet structure as bottom surface. This allows direct comparison of drag change at smooth surface and riblet structure. The density and dynamic viscosity of water were taken as 1000 kg/m 3 and 0.001 kg/m⸱s, respectively. The flow in streamwise, x1 direction imposes a constant mass flow rate, ̇= ∫ = 2 3 (9) where denotes the centerline velocity of a laminar parabolic profile, and is the cross-sectional area of the rectangular channel. The average velocity is denoted by and 2/3 of centerline velocity, .
Reynolds number (Re) is calculated based on laminar centerline velocity and channel half-height ( = 0.5 ), = (10) For comparison of result against other published work, the dimensions of the fluid domain are non-dimensionalized by scale of ( ), which can be written using a general variable, as + = (11) where denotes friction velocity, and represents local kinematics viscosity of fluid (=10 -6 m 2 •s).
The superscript, + denotes non-dimensionalized parameters. The friction velocity is calculated by
where wall shear stress ( = 0.5 • • • 2 ) estimated based on empirical formula of skin-friction coefficient, Cf for channel flow of Reynolds number greater than 2800 [18] 
However, the mesh is modified before activation of LES model such that wall shear stress, at the smooth surface of channel is obtained from steady state simulation for higher accuracy, since LES simulation is highly sensitive towards mesh resolutions and qualities.
Computational domain
The schematic geometry of fluid domain is presented in Fig. 1 , where a cubic flow unit is used to represent the entire domain of numerical simulation. The solid aspect is neglected since it does not affect the solution of fluid flow, which is the primary concern of current investigation. The flow is designed to pass through the stream-wise cross-sectional area ( = ‧ ), where H = 0.015 m denotes the height of channel that describes the distance between smooth surface and riblet structure surface, and W = 0.02 m represents the channel width between two side surfaces. The length of channel in stream-wise direction is denoted by L in which three rows of riblets are arranged with equal gaps, 1 in between. The isolation of basic flow unit for computational boxes is designed to be able to capture the flow dynamics and its effects on turbulence in fully developed flow. The proposed cubic fluid domain in current work is such that the dimensionless wall unit width in span-wise direction is approximately W + ≈ 400 and the channel length in streamwise direction is approximately L + ≈ 400 This allows accurate capture of turbulent structures and turbulent parameters of interest since the chosen flow unit is larger than the suggested minimal flow unit for computational boxes by [19] , with wall unit of + ≥ 100 for spanwise width and + ≥ 250 for streamwise length. The riblet structure is a wall embedded with riblets protruded into the normal direction of wall. The configuration is such that the riblets are aligned-segmented in streamwise direction with spacing in span-wise direction between each riblet. Each riblet is proposed to be streamlined in the streamwise direction. The streamline feature is designed to help in reduction of drag encountered on the surface of riblets.
Figure 1. Computational domain description: (a) Three-dimensional view of fluid domain; (b) Cross-sectional view of riblet configuration
The channel height for the channel model is designed to be H + = 375. For simplification of design, a symmetrical convex-shaped streamline feature is chosen, whereby quadratic parabolic equation in the form, Ls = -1/8 L2 2 + 2 L2, is used to construct the streamline curve, Ls of riblets. The riblets are spaced by s = 2 mm in the spanwise direction. The inlet, outlet and side walls are defined as periodic boundary conditions to simulate fully developed flow in streamwise direction, with prescribed flow rate calculated by Eq. (9) . Both riblet-structured surface and smooth surface are prescribed with noslip wall condition. The dimensions of riblet structures is presented in Tab. 1. The dimensions are normalized by ⁄ as described by Eq. (11), for comparison of results. The simulations were carried out for Reynolds number of 4200, 6000, 8000 and 10000 with the same configuration to investigate the effect of flow parameters to drag change and turbulence parameters. The height to spacing ratio, h + /s + is 0.5 across all cases, as this ratio was found to be the optimum configuration for drag reduction with riblet structures [6] and [12] . Despite the change of dimensionless values with varied Reynolds numbers due to change of friction velocity, the ratios of the geometrical parameters remain consistent across various flow cases, based on Tab. 1. This allows fair investigation of effect of flow parameter to the drag parameters. The thickness, + , length of riblet, 2 + and alignedsegmented gap between riblets, + follows the configuration by [13] for comparison of drag reduction performance.
Mesh generation
The entire fluid domain is discretized into hexahedral meshes to allow faster convergence rate and lesser computational effort as compared to full tetrahedral mesh. In the streamwise direction, a nonuniform mesh that biased towards riblet front and tail is used, with maximum mesh spacing of 1
which is significantly smaller in spacing as compared to the mesh ( 1 + = 16) adopted by [20] . In wall normal direction, non-uniform mesh is adopted since finer mesh must be generated at the near wall region to resolve the turbulent boundary layer accurately.
Figure 2. Computational mesh generated near the riblets, with hexahedral non-uniform mesh biased towards the boundary. Mesh generated follows the parabolic profile of riblet streamline curve, in streamwise direction
The mesh resolution in wall normal direction near the riblet structures follows the parabolic distribution due to geometry of riblets. The first layer spacing, x2 + = 0.2 is adopted in current work which was sufficient to resolve viscous sublayer of the flow. The number of mesh in wall normal direction increases along with Reynolds numbers to maintain the x2 + requirement. In spanwise direction, mesh point of 225 is used with maximum spacing of x3 + = 1.5. The total mesh resolution of entire fluid domain is 120 x 66 x 225 in x1, x2, x3 direction, respectively, which is sufficient for simulating turbulence structure in a channel. flow for LES simulation. To examine the influence of total mesh on the turbulence statistics, the mesh resolution in span-wise direction is doubled. The resultant drag change for case (Re = 4200) is less than 2%. Meaning to say that the doubled mesh resolution use in spanwise caused a reduction in the predicted drag value.
Drag parameters and turbulence statistics prediction
For each case, the simulations were started by running steady state simulation with SST kturbulence model, based on constant instantaneous laminar volume flux in streamwise direction, as described in Eq. (9) . Turbulent intensity (T.I.) is imposed to the inlet surface of steady state simulation, using T. I. = 0.14 −0.079 (13) to generate more realistic turbulence statistics for LES [21] . The instantaneous velocity, based on turbulent fluctuations in the flow, was then extracted from the steady flow to provide perturbation to the inlet before activation of LES model. This helps to create a more realistic initial field for LES simulation and reduce the time consumption. The flow were simulated with LES model until it became statistically steady. This can be observed from the quasi-periodic behavior of resulted instantaneous drag on both riblet structure and smooth surface. The simulations were then continued for additional (T + = 500) non-dimensional time steps where T + = TUl ⁄ δ to time-average the generated drag and resolved turbulent statistics.
Time-averaged drag
The instantaneous drag is calculated as integral of the product of wall shear stress and the differential wetted surface area, . In the designed flow cases, the protrusions of riblet structure introduce wetted surface area, normal to the streamwise direction, (̂•). This leads to consideration of pressure drag, in the calculation of total drag force, along with frictional drag, which acts in tangential direction to the streamwise direction, (̂•). The computed drag forces are scaled by 0.5 2 , for comparison between smooth and riblet-structured surface, where , and are denoting density of fluid, bulk velocity and reference area, respectively. The non-dimensional drag coefficients, of smooth and riblet-structured surface are described by 
where denotes dynamic viscosity, while U and x2 represents streamwise velocity and spatial coordinate in wall-normal direction, respectively. The drag reduction performance is obtained by comparison of computed drag change at the smooth surface and riblet structure. Since the channel flow is almost symmetric at the centerline, both surfaces act independently, and the drag change obtained is not affected by each other.
Mean-velocity prediction
The changes of mean streamwise velocity with respect to wall-normal direction, is investigated by obtaining time-averaged mean streamwise velocity, 1 at different x1 and x3 coordinates. To investigate the development of velocity gradients around riblet structure, wall points are created at varied location along span-wise and streamwise direction, as shown in Fig. 3 . The wall points are created along 2 direction from surface ( 2 + = 0) to the centerline ( 2 + ≈ 0.5 + ), for both smooth and riblet-structured surface, with same corresponding location mirrored by centerline. The number of points along 2 direction is approximately 45 for respective surface, with smaller spatial interval between wall points at the near wall region for better resolution of velocity gradient at the region.
Results & discussions 3.1. Model validation
To examine the capability of LES model in current work, a rectangular channel flow over riblet structure is simulated. The chosen computational domain is shown in Fig. 4 , where continuous Lshaped riblet in streamwise direction is adopted, with similar configuration based on the riblet model investigated by [22] .
Figure 4. Computational domain for validation: (a) Three-dimensional view of fluid domain; (b) cross-sectional view of riblet configuration
The streamwise, span-wise and wall-normal directions are represented by 1 , 2 , 3 , respectively. The inlet and outlet boundary conditions are prescribed with translational periodic condition. The mass flow rate in the streamwise direction is 0.111 kg/s, as calculated from Eq. (9). This is corresponding to Reynolds number of 4180. The side walls are prescribed with symmetry condition whereas both riblet structure and smooth wall are set as with no-slip wall.
The computational mesh adopted was 35 x 92 x 297, in 1 , 2 , 3 direction, respectively. The mesh in the wall-normal direction is biased towards the smooth wall and riblet structure. By following the simulation procedure mentioned in section 4, the simulation is started by steady state flow using SST k-turbulence model before LES-SGS model is enabled to run on initial field created by steady state simulation, until the flow is statistically stable. The simulation is continued ( + = 500) to timeaverage the instantaneous drag resulted at both riblet structure and smooth wall
The validation results suggest that the LES model adopted is capable of capturing the drag parameters and mean velocity profile with acceptable accuracy. The validation results are presented in Fig. 5 . For comparison against analytical formula of law of wall, streamwise mean velocity, 1 ̅̅̅ is nondimensionalized by simulated local friction velocity, such tha + = 1 ̅̅̅⁄ . For current study, Reichardt's Law of Wall [23] is adopted as comparison benchmark, since the corresponding formula is valid for all range of wall-normal height ( + ≥ 0) and more convenient practically as compared to the other two-point formulas. By changing the representation of wall-coordinate, such that + → 2 + , the formula of Reichardt's Law of Wall is described by
Based on Fig. 5(a) , the mean velocity profile is in close agreement with the Reichardt's Law of Wall.
Figure 5. Validation of simulation model at smooth and riblet-structured surface. (a) The streamwise mean velocity profile of flat surface at Re = 4180 is compared against Reichardt's Law of Wall. (b) The drag change over time for both surfaces show quasi-periodic behavior
Based on Fig. 5(b) , the time-averaged drag value of smooth surface and riblet-structured surface, are 0.000215N and 0.00020N, respectively. Comparing the drag change could be evaluated such that, % = − ℎ ℎ (15) The simulation results using the proposed streamlined riblets show drag reduction effect of approximately 7%. The result is in good agreement with the validated numerical result by [22] , which reports drag reduction performance of 8.0%. The experimental work by [24] shows drag reduction of 9.0% at riblet height to spacing ratio, h/s = 0.5, which further justify the validity of the drag change in current work, despite slightly broader agreement with current simulated result.
Drag reduction performance of streamlined riblet
In this section, the drag parameters at smooth surface and riblet structured surface are presented for analysis of drag reduction performance by proposed streamlined riblet. The instantaneous drag at both surfaces, ℎ and are obtained, based on Eq. (14) . The drag forces are time-averaged over + = 500, due to the quasi-periodic behavior of transient simulation in current case. The two components of total drag force in streamwise direction: frictional drag, and pressure drag, are investigated, due to the introduction of wetted surface normal to the streamwise direction (̂•) by streamlined-shaped riblet. The computation of drag coefficients is highly affected by the selection of reference area, since the flow considered in current work neglects the change of density due to incompressibility. The projected area in the normal direction ( 2 ) to respective surface, ( × ) is taken as the reference area for computation of drag coefficients for all cases in current work. Fig. 6(a) shows the drag reduction performance of streamlined riblet at various Reynolds numbers. The highest drag reduction performance of streamlined riblet is 7%, which occurs at Re = 4200. Based on Fig. 6(a) , the drag reduction performances show decreasing trend with increasing Reynolds Number. At case of Re = 10,000, the streamlined-riblet shows drag increasing effect, with performance of -2.9%. The trends of current results are compared against results from [22] and [24] , which demonstrated similar trends of drag change by varying Reynolds numbers, with constant riblet height to spacing ratio h + /s + = 0.5. The change of drag reduction performance relies heavily on the thickness of the boundary layers of the flow, since the riblet structures play the role to restrict the interactions of turbulent vortices in the near wall boundary layers. It is suggested that as the Reynolds numbers increase, the near wall layer of flow which consists of drag-promoting vortices is shifted to a lower location than the protrusion height of riblet. Since more vortices at the near wall region are not lifted-up at increasing flow rate, this explains the decreasing trend of drag reduction performance. Similar trend such that the vortices interacted more actively with the surface grooves at higher Reynolds numbers are reported by [25] . The phenomena can be justified based on Fig. 7 , whereby vortices are not lifted-up and interact with surface area of valley region of the riblet structures, which in contrast no similar event found in the case of lower Reynolds number (Re = 4200). Based on Fig. 7 , the drag reduction effect of proposed streamlined-riblet is explained by the lower drag encountered at the riblet surface as compared to smooth surface due to interactions of vortices with region of small wetted surface area only. This also justifies the capability of proposed surface in maintaining the drag reduction effect of conventional riblets. Fig. 6(b) presents the change of CD of riblet surface and smooth surface at various Reynolds numbers. Similar to highest drag reduction performance, the highest CD of streamlined riblet occurs at Re = 4200. The predicted values of CD show decreasing trend with increasing in Reynolds Number. At case of Re = 10,000, the CD of riblet surface is higher than smooth surface, which explains the drag increasing phenomena at the corresponding case. As compared to smooth surface, the CD of riblet shows smaller decrease of values as Reynolds numbers increases, this result in the eventual surpass of CD values of riblets at higher Reynolds numbers. The observed trend suggests that riblet surface is more sensitive towards flow parameters than smooth surface. The change of Cf and Cp of riblet surface and smooth surface at various Reynolds numbers are presented in Fig. 6(c) and Fig. 6(d) , respectively. The Cf of riblet surface and smooth surface decreases across increasing Reynolds numbers. Similar to the trend of CD, the difference of Cf between riblet and smooth surface becomes smaller with increased Reynolds numbers. This can be due to higher turbulence level at higher Reynolds numbers which causes higher wall shear stress due to stronger interactions of turbulent vortices with the respective surfaces. From here, it is rational to suggest that for drag-increasing case (Re = 10,000), the level of interactions of vortices with riblet structures exceeded the level obtained at smooth surface. From Fig.  6(d) , Cp is reported for case of riblet surface only since there is no normal wetted surface to streamwise direction at the smooth surface. Despite the introduction of pressure drag to the streamlined riblet, the Cp obtained across Reynolds numbers are still relatively smaller than corresponding Cf by magnitude, which result in lower total drag reduction for the drag-reducing cases (Re = 4,200, 6,000, 8,000). Figure 8 presents the instantaneous wall shear stress encountered by smooth surface and riblet wall. Based on Fig. 8 (a)(i), the wall shear stress at the tips of riblet structures are higher than the rest of the location of riblet surface, which signifies higher drag encountered at tip region of riblet structure. Such phenomenon can be associated with interaction of vortices with riblet tip due to downwash motion from high momentum fluid in the flow. At the smooth surface, the drag encountered is distributed more evenly as compared to riblet surface since there are no geometrical obstacles. From Fig. 8(a) (ii), the head region of riblet experiences higher drag as compared to tail region of riblet. This can be explained by the experience of pressure drag by the wetted surface area normal to the streamwise flow, and laminarization effect of flow around streamlined-riblet in streamwise direction. The laminarization effect demonstrated by streamlined-riblet will be further discussed in the following section. While the highest drag is encountered at the riblet structure, specifically at the riblet tips, the rest of the region of riblet-structured surface encounters significantly lower drag which gives overall lower surface drag after averaging by surface area, as compared to smooth surface overall drag. The presence of riblet structures helps to restrict the interaction of vortices with the viscous flow in the riblet valley, as shown in Fig. 7 , to ensure low resulted drag at corresponding regions, and leave only high drag to the small area at the riblet tips. Since the total drag encountered at any surface is highly affected by the total wetted surface area, we compare the significance of tangential area by streamlined riblet and L-shaped segmented riblet on the resultant drag reduction performances. For fair comparison, the results presented in Tab. 2 are obtained from cases with the same flow parameters (Re = 4200), and riblet configuration h + /s + = 0.5. Based on Tab. 2, the streamlined riblet structure produces higher drag change (7%) as compared to the drag reduction performance obtained by Lshaped segmented riblet (3.7%) in the work of [13] , under the same flow parameters and geometrical configuration. This suggests that the drag reduction performance of riblet can be optimized from the reduction of wetted surface area. Previously, most studies have been focused on reduction of turbulent drag induced by streamwise vortices, with optimization of height, spacing, and thickness of riblets which often leads to neglect of impact by total wetted surface area. In current work, the streamlined feature has shown its capability to improve the total drag reduction by maintaining the configuration of riblet for restriction of streamwise vortices location while reducing the wetted surface area of riblet for reduction of skin-frictional drag. 
Mean streamwise velocity
To relate the drag change at the surfaces to the turbulent dynamics around the riblets, the unsteady mean streamwise velocity profiles is obtained, at varied locations around riblet structure. The results are presented in global coordinates, such that the velocities are normalized by predicted centerline velocity, uo, and wall-normal length is normalized by the channel half-width, δ. Fig. 9 describes the changes of mean streamwise velocity in global coordinates at various Reynolds numbers and span-wise locations. For variation of span-wise location, the velocity profiles of riblet tip and valley are compared against the smooth surface. The variation of profiles at varied locations are eminent at the riblet-structured surface as compared to smooth surface, specifically at the near wall region of 2 + = 0 to 2 + = 20. At the region of interest across varied Reynolds numbers, riblet tip shows the highest velocity gradient as compared to riblet valley and smooth surface, while riblet valley has the least velocity gradient. By relating the results to fluid shear stress formula,
where denotes dynamic viscosity of fluid, we find higher velocity gradient ̅ 2 ⁄ increases the drag encountered at the region. This explains why riblet tips encountered highest drag while riblet valleys have the lowest drag, as justified by wall shear stress distribution presented in Fig. 8 . The findings are in well agreement with previous work on drag reduction by riblet surface [20] and [26] , such that lower velocity gradient results in lower drag obtained at riblet valley regions. 
Note: The velocity data for smooth surface is reflected symmetrically at ⁄ = 0 for better visual comparison against velocity data for locations at riblet surface
In streamwise variation, the velocity profiles of riblet 1 gap, head, tip and tail are presented in Fig. 10 for comparison. Similar to the trend found in span-wise variation, the changes of profiles are obvious at the wall region of 2 + = 0 to 2 + = 20. The velocity gradient at varied streamwise locations, in the order of highest to lowest, are: Tip, Head, Tail, 1 Gap. The riblet region with relatively higher surface wetted area, 1 Gap produces significantly lower velocity gradient than smooth surface, which explains the drag reduction effect in cases of Re = 4000, 6000 and 8000. It is also important to note that similar trend is observed at riblet valley region which has high surface wetted area, based on Fig. 9 . As the Reynolds number increases, the velocity gradients at all locations increases, which signifies the tendency of the local velocity profile to become turbulent. The trend observed also explains the decrease of drag reduction performance as the Reynolds number increases. The effect of streamlined-feature in producing viscous flow is evident and in good agreement with findings of [14] , especially the transformation of high velocity gradient at the head region of riblet structures to lower velocity gradient at the tail region. Such findings support the relatively higher wall shear stress encountered at head region (frontal) of riblet structures as compared to tail region (back), as observed in Fig. 8(a) (ii).
Conclusion
Large Eddy Simulations were performed at Reynolds numbers of 4200, 6000, 8000 and 10,000 to investigate the turbulence structure near the wall by streamlined-riblet structures in a rectangular channel. The validation results revealed good agreement between the simulation results and analytical solution of mean streamwise velocity profile, and capability of predicting drag parameters based on comparison against experimental data. It is shown that streamlined feature of proposed riblet helps in improving the overall drag reduction in the channel flow. Results of drag parameters computed reveal maximum drag reduction performance of around 7%, which is higher than the L-shaped segmented riblets with larger wetted surface area, under similar flow and geometrical configurations. It is suggested that the near wall layers which consists of drag-inducing vortices are shifted to lower locations as the Reynolds number increases, causing interactions of more vortices with the riblet surface since they are not lifted-up, which explains the decrease of drag reduction performance as Reynolds numbers increase. The changes of mean streamwise velocity profile obtained at varied streamwise locations along riblet structures is indicating that streamlined feature helps in lowering the mean velocity gradient, which leads to lower drag achieved at the tail region of riblet structures due to laminarization effect. The mean streamwise velocity data with spanwise variations indicate presence of laminar flow in the valley region due to lower velocity gradient, while tip region has higher velocity gradient which is due to interactions of vortices with the tips. Based on present findings, the streamlined-riblet structure improves the drag reduction performance by possessing lower wetted surface area and lowering velocity gradient of flow due to streamlined feature, while retaining the drag-reducing capabilities of conventional riblet configuration.
